Type 1 fimbriae produced by serovars of Salmonella are characterized by their ability to agglutinate guinea pig erythrocytes in the absence of D-mannose but not in its presence. The FimH protein is the adhesin that mediates this reaction; it is distinct from the major fimbrial protei.n (FimA) that composes the fimbrial shaft. Avian-adapted serovars of Salmonella produce nonhaemagglutinating fimbriae that have been reported to mediate adherence to avian cells. A single amino acid substitution is present in the FimH adhesin of these strains compared to that of a Typhimurium isolate. Also, previous studies have shown that single nucleotide polymorphisms in two strains of the Typhimurium fimH alter the binding specificity. We therefore investigated the allelic variation of fimH from a range of serotypes (both host-adapted and non-host-adapted) and isolates of Salmonella. Most FimH adhesins mediated the mannose-sensitive haemagglutination of guinea pig erythrocytes, but many did not facilitate adherence to HEp-2 cells. A small number of isolates also produced fimbriae but did not mediate adherence to either cell type. Transformants possessing cloned fimH genes exhibited a number of different substitutions within the predicted amino acid sequence of the FimH polypeptide. No identical FimH amino sequence was found between strains that adhere to erythrocytes and/or HEp-2 cells and those produced by non-adherent strains. FimH-mediated adherence to HEp-2 cells was invariably associated with the ability to form biofilms on mannosylated bovine serum albumin.
INTRODUCTION
Salmonella enterica serovar Typhimurium (S. Typhimurium) expresses type 1 fimbriae that enable the bacteria to bind to eukaryotic cells and have been implicated in mediating colonization in vivo of host tissues (Althouse et al., 2003; Boddicker et al., 2002; De Buck et al., 2004; Thorns, 1995) . Type 1 fimbriae characteristically exhibit a mannose-sensitive binding phenotype: soluble mannose and mannose derivatives inhibit attachment to mannose glycoconjugates on host cells (Clegg et al., 1985; Kisiela et al., 2005b) . The type 1 fimbriae are encoded by the chromosomally borne fim gene cluster (Swenson et al., 1991; Yeh et al., 1995) . The fimA gene encodes the major fimbrial subunit whereas the assembly periplasmic chaperone and scaffolding proteins are encoded by fimC and fimD respectively. We have previously demonstrated that three additional genes, fimZ, fimY and fimW, are involved in mediating the regulation of fimbrial expression (Saini et al., 2009; Tinker & Clegg, 2000; Tinker et al., 2001) . The fim gene cluster also includes three additional genes. The gene encoding FimI is suggested to be a minor fimbrial protein of unknown function and the location of this gene immediately adjacent to fimA is similar to that of the fimI gene of the Escherichia coli fimbrial gene cluster (Boyd & Hartl, 1999) . However, there is limited amino acid sequence relatedness between the two FimI proteins. Similarly, fimF encodes a protein that could be an adaptor polypepetide but also bears little amino acid sequence relatedness to the E. coli FimF adaptor protein.
FimH is believed to be the fimbrial adhesin, and like FimI and FimF it shows little primary amino acid sequence similarity to the E. coli FimH adhesin (Madison et al., 1994; Stahlhut et al., 2009b) . We have previously shown that FimH mutants of Salmonella are unable to adhere to eukaryotic cells, demonstrating that FimH is critical for the ability of type 1 fimbriae to specifically bind to host cells (Hancox et al., 1997) .
The fimH gene in E. coli functions to encode the adhesin of type 1 fimbriae (Stahlhut et al., 2009b) . Previous investigations of the E. coli FimH adhesin have demonstrated that allelic variation of fimH results in detectable binding differences in vitro among E. coli isolates (Stahlhut et al., 2009a) . Changes in the amino acid sequence of the various FimH proteins were determined and correlated with binding to mannan. Because of the critical role of bacterial adherence in pathogenesis, changes in the FimH protein among strains of E. coli have been proposed to determine the success of specific bacterial populations to colonize different environments, a phenomenon termed pathoadaptive evolution (Chattopadhyay et al., 2009; Sokurenko et al., 1999 Sokurenko et al., , 2004 Weissman et al., 2007) .
Our group found that two serovar Typhimurium strains, LB5010 and SL1344, have differing abilities to adhere to HEp-2 cells (Boddicker et al., 2002) . The amino acid sequences of the fimH gene product of these two strains differ at only four sites. In addition, it has been shown that serovars Gallinarum and Pullorum, which do not produce a functional mannose-sensitive adhesin but do bind to avian cells, also possess a FimH polypeptide. Comparison of the adhesins from serovars Gallinarum and Typhimurium indicated only single amino acid differences in the FimH molecules (Guo et al., 2009; Kisiela et al., 2005a, b) .
The genus Salmonella comprises more than 1000 distinct serovars, some of which are host-adapted, such as serovars Typhi and Paratyphi, and some of which exhibit a broader host range, such as Typhimurium. Most isolates of Salmonella produce type 1 fimbriae and exhibit the mannose-sensitive haemagglutinating phenotype associated with the production of these appendages (Duguid et al., 1966; Duguid & Campbell, 1969) . However, it is currently unknown how extensive is the allelic variation of fimH among many of these serovars. We therefore examined the fimH alleles from 13 different Salmonella serovars and examined their ability to adhere to HEp-2 cells and form biofilms in vitro on a mannosylated protein. The nucleotide sequences of these alleles were determined to assess whether amino acid differences were associated with these biological functions.
METHODS
Strains, culture conditions, and detection of type 1 fimbriae. A total of 45 strains representing 14 serovars were used in this study; all non-Typhimurium serovars were obtained from the collection described by Duguid and colleagues (Duguid et al., 1966; Duguid & Campbell, 1969) . The strains and serovars are shown in Table 1 . As previously described, to detect optimal expression of type 1 fimbriae, bacteria were serially incubated without shaking in tubes containing 10 ml LB broth for 48 h periods at 37 uC (Old & Duguid, 1970) . The production of type 1 fimbriae was detected using monospecific serum raised against purified fimbriae as described elsewhere (Clegg et al., 1996; Clegg & Hughes, 2002) . Strains were considered phenotypically non-fimbriate if they did not react with the serum even after eight 48 h subcultures. Mannosesensitive haemagglutination was detected using a 3 % suspension of guinea pig erythrocytes (Duguid, 1959; Duguid et al., 1966) .
Cloning of Salmonella fim genes. DNA primers used in this study are shown in Table 2 . The forward primer HF and reverse primer WR were used to clone the intact fimHFZYW genes from Salmonella isolates, by conventional PCR procedures, into the cloning vector pGEM-T Easy (Promega). Genomic DNA was prepared using the DNeasy kit (Qiagen) according to the manufacturer's instructions and was used as a template for the PCRs. Recombinant plasmids were . The construction and characterization of the serovar Typhimurium SL1344 H3 FimH 2 mutant has been described by us elsewhere (Hancox et al., 1997) . The construction of recombinant plasmids possessing single fimH and fimF genes was performed using the forward and reverse primers HF and HR, and FF and FR, respectively (Table 2) .
Nucleotide sequencing of all fim genes was performed by the University of Iowa DNA sequencing facility. Overlapping fragments were sequenced as well as both strands of DNA to confirm all nucleotide sequences reported below.
Adherence to HEp-2 cells. Adherence assays were performed as previously reported by our group (Boddicker et al., 2002) . All assays were performed in triplicate and the means of three independent experiments are reported. All statistical analyses were compared by Student's t-test for unpaired samples.
Biofilm formation. The ability of strains to form biofilms on mannosylated bovine serum albumin (ManBSA; Sigma) was determined using a modification of the assay described by Merritt et al. (2005) . The wells of 24-well microtitre plates were coated with 1 ml ManBSA (200 mg ml 21 in carbonate buffer) for 18 h at 4 uC. After removal and washing with PBS, 1 ml LB broth was added to each well and inoculated with 1610 8 bacteria. Following overnight incubation with shaking at 37 uC the ability of bacteria to form a biofilm on ManBSA was determined using crystal violet as described elsewhere (Merritt et al., 2005) . All microtitre plates had three wells coated with ManBSA and incubated with sterile medium. Biofilm assays are reported as A 595 values following subtraction of the readings from these control wells. All assays were performed in duplicate and the mean of two independent experiments was calculated.
Some strains, transformed with a plasmid encoding GFP, were examined for their ability to form a biofilm on a monolayer of HEp-2 cells in once-flow-through chambers coated with these cells. This procedure has been described by us in detail elsewhere (Boddicker et al., 2002) . Briefly, HEp-2 cells were cultured as monolayers on the surface of glass microscope slides treated to facilitate growth of the cells. All biofilms were examined by confocal microscopy after 24 h incubation and biofilm production was analysed by compilation of a z-series of sections.
RESULTS

Production of type 1 fimbriae by transformants
The ability of transformants of the FimH 2 mutant, possessing cloned fimH alleles, to produce surface-associated fimbriae is summarized in Table 1 . The production of surface-assembled fimbriae was detected using specific antiserum, and the mannose-sensitive adhesin was detected using guinea pig erythrocytes. Of the 45 transformants tested, 27 produced type 1 fimbriae whereas the mutant possessing the cloning vector alone was consistently negative. The presence of fimbriae on the surfaces of the positive transformants also correlated with the ability of the wild-type strains from which the genes were cloned to produce these appendages.
Transformants possessing the fim genes from 18 isolates were non-fimbriate even after repeated subculture in static liquid medium. The parental serovars and strains from which these genes were cloned are also phenotypically nonfimbriate. None of these strains were observed to mediate haemagglutination of guinea pig erythrocytes. As previously reported (Guo et al., 2009; Kisiela et al., 2005b Kisiela et al., , 2006 Wilson et al., 2000) the cloned fim genes from serovar Pullorum facilitated the production of non-haemagglutinating fimbriae on the surface of transformants. Similarly, the wildtype Pullorum isolate produces fimbriae that react with the serum but do not mediate mannose-sensitive haemagglutination. Also, three serovar Typhimurium strains, DMSO 08, 67 and 76, were found to be fimbriate but did not exhibit any haemagglutinating activity (Table 1) .
Adherence to HEp-2 cells
None of the phenotypically non-fimbriate transformants were able to adhere in vitro to cultured HEp-2 cells (Table 1) . Also, the wild-type strains from which these genes were cloned did not exhibit any binding activity to the cells. Only four transformants of the serovar Typhimrium FimH 2 mutant demonstrated an ability to bind to HEp-2 cells (Table 1) ; one of these was the LB5000 strain that we have previously described as binding to these cells (Boddicker et al., 2002) . These four transformants represented two serovars of Salmonella: Typhimurium (three transformants) and Newport (one transformant). The wild-type strains from which the fim genes were cloned also showed binding to HEp-2 cells.
A total of 41 transformants exhibited poor (,5 bacteria per cell) binding to the HEp-2 cells. Nineteen of these did not produce demonstrable fimbrial appendages on their surfaces and all the wild-type strains from which the fim genes were cloned are also phenotypically non-fimbriate. Twenty-three transformants that were shown to be strongly fimbriate as evidenced by their reactivity with fimbriaspecific antiserum also exhibited poor or no binding to the HEp-2 cells. Nineteen of these transformants were shown to produce a mannose-sensitive adhesin as indicated by their ability to agglutinate guinea pig erythrocytes. Binding of representative isolates to HEp-2 cells is shown in Fig. 1 .
Biofilm formation on ManBSA and HEp-2 cells
The ability of type 1 fimbriae to facilitate biofilm formation in vitro on ManBSA was determined; the results are summarized in Fig. 2 . The four transformants that exhibited A small number of transformants were also examined for their ability to form biofilms on HEp-2 cells in biofilm chambers (Fig. 3) . As for the assay using ManBSA, the only strains that formed a mature biofilm after 24 h incubation were those that bound to the HEp-2 cells in the binding assay. S. enterica fimH SNPs: adherence and biofilm phenotypes
Amino acid sequences of FimH
The predicted amino acid sequences derived from cloning the fimH alleles from 45 strains of Salmonella representing 14 serovars were determined and are shown in Table 3 . For all serovars, except Paratyphi B, intact open reading frames encoding a product of 332 amino acids were found, with no strains encoding truncated gene products. The fimH gene product of all four strains of Paratyphi B possesses an additional asparagine residue at position 289 that is not present in other strains.
None of the predicted amino acid sequences of the FimH polypetides encoded by the 26 cloned fimH genes that enabled appendages to be assembled on the surface of the host were identical. However, strains DMSO 54 and SL1344 only differed at a single position (position 12: T and A, respectively) that is predicted to be within the signal peptide region of FimH and therefore would not be present in the assembled adhesins. Since S. Typhimurium SL1344 has been extensively used to investigate the virulence of this serovar, all of the FimH sequences reported in this study were compared to this strain. Compared to the FimH sequence of the gene product cloned from serovar Typhimurium strain SL1344 four strains, representing the serovars Agona, Pullorum, Typhimurium and Newport exhibited a single amino acid substitution. Two different strains of serovar Typhimurium possessed two substitutions whereas six strains (four Typhimurium, one Paratyphi B, and one Pomona) had three changes in FimH sequences. Four changes were found in four strains (three Typhimurium and one Heidelberg), and five changes in six strains (four Typhimurium, one Anatum and one Mississippi). Three strains (two Typhimurium and one Paratyphi B) had six changes in their FimH sequences. The sequences of all these serovars are shown in Table 3 .
In strains with no demonstrable production of surfaceassociated fimbriae, intact fimH determinants were also found. In no case, however, was an identical sequence found in the FimH protein of a phenotypically fimbriate transformant compared to a non-fimbriate strain. One strain representing serovar Rubislaw differed in only a single amino acid change within the region of the assembled adhesin compared to the FimH of S. Typhimurium SL1344. A total of four strains all belonging to serovar Typhimurium possessed two differences in amino sequence compared to SL1344 but in each case the differences were not identical to each other. Twelve strains representing six distinct serovars exhibited three or more changes in their FimH sequences when compared to SL1344. Three changes were found in four strains, four changes in six strains, five changes in one strain, and six changes in two strains. The greatest number of changes was seven, observed in one strain (Typhimurium). These results are summarized in Table 3 .
Amino acid sequences of FimF
The plasmids used to transform the FimH mutant of strain SL1344 in these studies also possessed the fimF gene. Although the precise function of FimF in Salmonella type 1 fimbrial production is unknown the location of fimF in the fim gene cluster may suggest that it could be an adaptor protein connecting FimH and FimA in the appendage. Genes encoding two adaptor proteins are located in similar regions of the E. coli fim gene cluster whereas only one is found in the Salmonella system. Therefore, we sequenced the fimF genes from representative phenotypes of some of the serovars described herein. Sequences were determined for three transformants that assembled surface-associated fimbriae and formed good biofilms on HEp-2 cells, one transformant that was fimbriate but did not bind to HEp-2 cells, and two transformants that were phenotypically nonfimbriate. In all but one case, the predicted amino acid sequences of the FimF proteins were found to be identical. The exception was the FimF protein from Typhimurium strain 6704, which differed by a T142I substitution. However, stains that exhibited fimbriate and non-fimbriate phenotypes possessed identical FimF polypeptides.
DISCUSSION
The ability of Salmonella type 1 fimbriae to mediate adherence to the cells of their hosts has been investigated by many groups (Bäumler et al., 1996; Duguid et al., 1976; Misselwitz et al., 2011; van Asten & van Dijk, 2005) . In addition, previous studies have indicated that the FimH adhesin protein of these fimbriae is necessary for binding to guinea pig erythrocytes in a mannose-sensitive manner and is responsible for the defining phenotype of this class of fimbriae. Also, it has been demonstrated that the nonhaemagglutinating fimbriae, the so-called type 2 fimbriae, produced by the avian-adapted strains Pullorum and Gallinarum differ by one amino acid substitution in their FimH protein compared to the adhesin produced by a strain of Typhimurium that agglutinated erythrocytes (Guo et al., 2009; Kisiela et al., 2006) . However, the FimH adhesin of the avian-adapted pathogen does function as an adhesin since it has been shown to mediate binding to chicken leukocytes (Guo et al., 2009 ). In addition, Kisiela et al. (2006) demonstrated that the mannose-binding activity of the FimH adhesin could be restored by mutation of the single isoleucine in the avian FimH adhesin to a threonine in the Typhimurium FimH strain. Thus a single amino acid change in the FimH adhesin can result in distinct differences in type 1 fimbria-mediated adherence to eukaryotic cells. In addition, we have previously shown that although two strains of S. Typhimurium can exhibit the canonical mannose-sensitive haemagglutination of guinea pig erythrocytes due to production of type 1 fimbriae, the fimbriamediated binding to HEp-2 cells differs between the two strains (Boddicker et al., 2002) . This difference in binding was shown to be due to a small number of changes in the amino acid sequences of the FimH adhesins produced by the strains. Therefore, we have examined the allelic variation in the fimH genes of numerous serovars of Salmonella and also distinct strains of serovar Typhimurium.
All of the strains examined by us possessed a complete fimH gene encoding a polypeptide that was either 332 or 333 amino acids in length. We decided to use the sequence of the FimH adhesin of S. Typhimurium strain SL1344 for comparison with all the other strains examined in this study since this is one of the sequences that is widely available from the online databases and SL1344 has been used extensively to investigate Salmonella pathogenesis. Only one of the isolates encoded a FimH polypeptide that was identical to the processed amino acid sequence of strain SL1344. However, the maximum number of differences observed among all the strains examined by us was seven. This would suggest that only a limited number of substitutions within the FimH polypeptide have been selected during the molecular evolution of the fim gene cluster among Salmonella strains.
The ability of different fimH alleles to mediate fimbria production, adherence to HEp-2 cells and biofilm formation was determined in a common non-fimbriate Typhimurium background host to eliminate the possibility of non-fimbrial and uncharacterized genes from each serovar affecting these phenotypes. In these assays we also used recombinant plasmids that encoded the fimbrial regulators FimZ, Y and W. S. Typhimurium transformants that carry plasmids with these genes produce large amounts of surface-assembled fimbriae (Tinker et al., 2001; Yeh et al., 2002) . Consequently, any observed differences in phenotype of fimbriate transformants are not likely due to significant differences in the amount of fimbriae produced by the bacteria. Indeed, most transformants were found to be strongly fimbriate as determined by their reactivity with fimbria-specific immune serum.
Transformation of the FimH 2 mutant with fimH-bearing recombinant plasmids from some serovars of Salmonella did not enable the bacteria to produce detectable levels of type 1 fimbriae. Interestingly, all of these transformants possessed genes cloned from parental strains that were also phenotypically non-fimbriate. As detected by RT-PCR (data not shown), the fimH genes from these strains were expressed in transformants and therefore the inability to produce fimbriae is not likely due to the absence of FimH. However, the inability to assemble type 1 fimbriae by these strains may be a property of their FimH proteins. None of these strains possesses a FimH polypeptide with an identical amino acid sequence to any strains that assemble fimbriae on their surfaces. Also, the inability to express type 1 fimbriae was not associated with any one specific FimH amino acid sequence, and the adhesins from these strains showed a range, from one to seven, in the number of substitutions compared to the FimH of strain SL1344. In addition, the substitutions within the FimH molecules from these strains were found throughout FimH among the isolates examined and were not localized to any one specific region. Since the plasmids we used in this study also possess the fimF gene, encoding a protein that could act as an adaptor for fimbrial assembly, it is possible that the non-fimbriate strains possess a non-functional FimF protein. We sequenced the fimF genes from both fimbriate and non-fimbriate strains and found no correlation between the FimH amino acid sequence and fimbriation. Representative strains from both groups possessed identical FimF polypetides. Similarly, the sequences of the regulatory proteins (FimZ and Y) from a small number of strains from both groups were also identical (data not shown) and no association between the fimbrial phenotype and this property could be found. The reason why these strains, and transformants possessing fim genes from these strains, are non-fimbriate is unclear but must reflect the presence of specific amino acids in the FimH adhesins of these strains which prevent assembly of appendages. Currently, we are investigating this by constructing site-directed mutations of specific locations within these fimH genes.
The presence of fimbriae on the surface of bacteria correlates with the ability to mediate mannose-sensitive agglutination of guinea pig erythrocytes, and these cells are routinely used to detect type 1 fimbriae (Duguid, 1959; Duguid & Campbell, 1969; Old & Duguid, 1970; Old & Adegbola, 1982) . The notable exception to this is the previously characterized Fim adhesin produced by the avian-adapted serovars Pullorum and Gallinarum. Prior investigations have demonstrated that a single substitution of an isoleucine for a threonine at position 78 in these strains results in the production of a non-haemagglutinating adhesin. Three strains of serovar Typhimurium in our studies also produced fimbriae that did not mediate haemagglutination. These fimbriae would be termed type 2 fimbriae using the classification originally developed by Duguid and colleagues (Duguid et al., 1966; Old & Payne, 1971 ) but they do not possess the same substitution as the Pullorum/Gallinarum fimbriae. Whether these fimbriae function as adhesins to any other cell types remains to be determined but type 2 fimbriae have occasionally been reported in strains of serovar Typhimurium (Old & Payne, 1971) .
In haemagglutinating strains the presence of fimbriae is not frequently associated with adherence to other cell types since we found that many strongly fimbriate strains adhere poorly or not at all to HEp-2 cells. When adherence did occur it was associated with the ability of bacteria to form biofilms. The ability to adhere to HEp-2 cells was not associated with a single fimH allele, and in three of four adherent strains there were five or more amino acid substitutions in the FimH adhesin of these strains compared to strain LB5000, which we have previously described as adhering to HEp-2 cells (Boddicker et al., 2002) . The results of the adherence assay are consistent with our previous report using two Typhimurium strains that also exhibited differential binding to HEp-2 cells. It is likely that the FimH proteins from haemagglutinating strains that did not bind to HEp-2 cells do represent functional adhesins and are also likely to mediate binding to specific host cells during the infective process. One possibility is that the allelic variants have evolved to optimize binding to various sites and tissues during infection. For example all four strains of the human-adapted serovar Paratyphi B that we examined, which were isolated from different outbreaks, possess a unique asparagine at position 289 in the FimH polypeptide. This amino acid is absent from all the other adhesins and increases the length of the Paratyphi B FimH polypetide by a single residue compared to all other serovars. However, this amino acid is not predicted to be present in the FimH adhesins of two human-adapted strains (serovars Typhi and Paratyphi B) for which sequences are currently available online.
As indicated above, all type 1 fimbriate strains mediate agglutination of guinea pig erythrocytes and therefore this cell type must present a mannose-containing glycoconjugate that is recognized by the fimbrial adhesin. The identical receptor must be absent or inaccessible on HEp-2 cells, which presumably produce a receptor recognized by only a few of the adhesins. FimH-mediated binding to receptor molecules involves catch-bond interactions and our results indicate that the nature of this bond will vary between FimH adhesins and target cells. Interestingly the binding to, and subsequent biofilm formation on, both ManBSA and HEp-2 cells was demonstrated by the same fimH alleles. The presentation of the mannose receptor on this molecule and cell type must be recognized by these adhesins but not by others.
In summary, the Salmonella fimH gene is represented by several allelic variants due to single nucleotide polypmorphisms in this gene. Based upon the predicted amino acid sequences of these variants there is no common sequence restricted to haemagglutinating, adherent or biofilm-forming strains. Also, the sequence of a FimH protein can influence the ability of bacteria to assemble type 1 fimbriae since the difference between several nonfimbriate and fimbriate transformants can only be attributable to differences in the primary amino acid sequence of their adhesins. An examination of the predicted amino acid sequences of the major fimbrial subunits (FimA) from a wide range of Salmonella serovars has not been reported so it is not known if this degree of variation also occurs in this structural component of the type 1 fimbriae. There have been reports that in other enterobacteria both the fimbrial shaft and the adhesin influence the binding properties of type 1 fimbriae (Madison et al., 1994) . Consequently the interaction of these two proteins could influence receptor-binding specificity. However, in our studies a common FimA subunit protein makes up the shaft of the fimbrial transformants. Also, based upon our results the additional structural protein, FimF, which is proposed to be an adaptor protein in the Salmonella fimbriae, does not demonstrate the variability observed in FimH. Therefore, Salmonella FimH adhesin variability plays a major role in binding to target molecules.
